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Salivary glandsSalivary gland function is regulated by both the sympathetic and parasympathetic nervous systems. Previously
we showed that the basal sympathetic outﬂow to the salivary glands (SNASG) was higher in hypertensive
compared to normotensive rats and that diabetes reduced SNASG discharge at both strains. In the present
study we sought to investigate how SNASG might be modulated by acute changes in the arterial pressure
and whether baroreceptors play a functional role upon this modulation. To this end, we measured blood
pressure and SNASG discharge inWistar–Kyoto rats (WKY-intact) and inWKY submitted to sinoaortic denerva-
tion (WKY-SAD). Wemade the following three major observations: (i) inWKY-intact rats, baroreceptor loading
in response to intravenous infusion of the phenylephrine evoked an increase in SNASG spike frequency (81%,
pb0.01) accompanying the increase mean arterial pressure (ΔMAP: +77±14 mmHg); (ii) baroreceptor
unloading with sodium nitroprusside infusion elicited a decrease in SNASG spike frequency (17%, pb0.01)
in parallel with the fall in arterial blood pressure (ΔMAP: −30±3 mmHg) in WKY-intact rats; iii) in the
WKY-SAD rats, phenylephrine-evoked rises in the arterial pressure (ΔMAP: +56±6 mmHg) failed to produce
signiﬁcant changes in the SNASG spike frequency. Taken together, these data show that SNASG increases in
parallel with pharmacological-induced pressor response in a baroreceptor dependent way in anaesthetised rats.
Considering the key role of SNASG in salivary secretion, this mechanism, which differs from the classic cardiac
baroreﬂex feedback loop, strongly suggests that baroreceptor signalling plays a decisive role in the regulation
of salivary gland function.
© 2012 Elsevier Inc. Open access under the Elsevier OA license.1. Introduction
Salivary gland function is highly controlled by the autonomic
nervous system (both sympathetic and the parasympathetic branches),
with nerve ﬁbres innervating secretory, myoepithelial and vascular
cells [1,2]. Parasympathetic stimulation results in the production of a
copious secretion of ﬂuid that is relative poor in protein [2]. The
salivary glands are target organs for postganglionic sympathetic axons
arising from ganglion cells of the superior cervical ganglion [SGC, 3].y and Biophysics, Institute of
neu Prestes, 1524, 05505–900,
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Health, Federal University of
evier OA license.Sympathetic nerve activation to the salivary glands (SNASG), either by
pulsed electrical stimulation of the efferent pathways [4], or by applica-
tion of adrenergic agonists [5] results in a relatively low ﬂow of saliva
rich in protein [6]. Saliva contains a variety of proteins, glycoproteins
and mucins, which in turn have distinct functions in the oral cavity, in-
cluding lubriﬁcation, antimicrobial activity, digestion, calcium phosphate
homeostasis and enamel remineralization [7]. On the other hand, contin-
uous electrical stimulation of this sympathetic branch leads to an in-
tense vasoconstriction with great impairment of the blood ﬂow and
reduced saliva secretion [8–10]. This physiological phenomenon has
been misinterpreted as a direct effect of neurotransmitter released
from the sympathetic nerve terminals acting on salivary gland, and con-
sequently affecting saliva secretion [10].
Arterial blood pressure is tightly controlled to ensure adequate blood
ﬂow to organs throughout the body, including the salivary glands. This
control is accomplished by negative feedback systems incorporating
391R. Sabino-Silva et al. / Physiology & Behavior 107 (2012) 390–396pressure sensors (i.e., baroreceptors) that sense the arterial blood
pressure. The arterial baroreceptor reﬂex is a key buffer of acute in-
creases in blood pressure [11]. Rapid adjustments of cardiovascular func-
tion, essential for themaintenance of body homeostasis, are mediated by
the autonomic nervous system and depend on neural reﬂexes primarily
integrated within the brainstem (see review, Dampney, 1994 [12]).
With respect to the regulation of regional vascular resistance and
blood ﬂow by the arterial baroreceptors, previous studies have docu-
mented that stimulation of aortic depressor nerve in anaesthetised rats
elicits a heterogeneous control of blood ﬂow amongst different vascular
beds, such as renal, mesenteric and hindquarter [13]. It has been demon-
strated that transient increases in arterial pressure induces an increase in
sympathetic outﬂow to cerebral vessels innervated by the postganglionic
sympathetic axons arising from the SCG, suggesting a protective role of
baroreceptor to regulate sympathetic nerve activity (SNA) and blood
ﬂow at the brain level [14].
Recently, we investigated the sympathetic outﬂow to salivary gland
of normotensive and hypertensive rats and showed that the autonomic
nervous system is fundamental for controlling the sodium-glucose
cotransporter 1 (SGLT1) through a protein kinase A (PKA)-mediated
pathway in salivary dysfunctions of different pathologies such as hyper-
tension and diabetes [15]. The salivation behavior is classically associate
to Pavlov's experiments when he described the existence of uncondi-
tioned reﬂex (i.e. a stimulus–response connection that required no
learning) by presenting a dog with a bowl of food and the measuring
its salivary secretions. However, there are several behavioral conditions,
such as physical and sexual activity, stress, food and liquid intake and
others, where the changes in salivation and ﬂuctuation in the blood
pressure is controlled by inﬂuence of the autonomic nervous system. In
this studywewanted to unravel the physiological mechanism regulating
sympathetic nerve outﬂow to salivary glands during arterial pressure
changes. Here we show that modulation of the sympathetic outﬂow to
the salivary glands is baroreceptor dependent.
2. Research design and methods
All experimental procedures were performed in accordance with
the Ethical Principles in Animal Research of the Brazilian College of
Animal Experimentation and were approved by the Ethical Committee
for Animal Research of the Institute of Biomedical Sciences, of the
University of Sao Paulo (Protocol #97/2007).
2.1. In vivo anaesthetised rat studies
Three-month-old male Wistar–Kyoto (WKY) rats weighing
280–310 g were individually caged and allowed free access to water
and standard rodent chow diet (Nuvilab CR-1, Nuvital, Curitiba, Brazil)
and kept at a constant temperature of 22–23 °C, relative humidity of
50–60% and controlled circadian cycle (12/12 h light/dark).
2.2. Surgical procedures for hemodynamic measurements
Rats were deeply anaesthetised with halothane (5% in O2 inspired
air) for all surgical procedures. The depth of anaesthesia was checked
by a ﬂexor reﬂex to a paw pinch. A tracheotomy was performed by a
middle incision on the ventral surface of the neck, where a catheter
(PE-250)was inserted into the trachea tomaintain unobstructed airways.
During the experimental procedure, the animalswere allowed to breathe
spontaneously. Subsequently, three saline-ﬁlled polyethylene catheters
(PE-10 connected to PE-50, Biocorp Australia, Huntingdale, Victoria, Aus-
tralia) were implanted in the following blood vessels: one into the left
femoral artery for blood pressure andheart rate recording and two others
in each femoral vein (right and left) for infusion of urethane
(750 mg kg−1, i.v) and phenylephrine (PHE, 10 μg kg−1, i.v) or sodium
nitroprusside (SNP, 30 μg kg−1, i.v), according to the protocol for loading
or unloading of the baroreceptors, respectively. Rectal temperature wasmeasured by a thermometer and maintained between 36.5 °C and
37 °C by using a heating blanket. The venous catheter was also used for
injection of hexamethonium (30 mg kg−1, i.v) to block the sympathetic
ganglion activity and determining the background noise of the SNASG.
Arterial blood pressure and heart rate was monitored via the catheter
placed in the femoral artery connected to the digital recording system
(P23Db Transducer, 3400 Recorder; Gould, USA). All analyses were
performed off-line in Spike2 software (CED, Cambridge Electronic
Design, Cambridge, UK).2.3. Surgical procedures for sympathetic nerve activity to salivary glands
(SNASG) recordings
Upon completion of artery and vein catheterization and tracheotomy,
halothane was replaced by urethane (750 mg kg−1) injected intrave-
nously. Afterward, the left common carotid, vagus nerve, left superior
cervical ganglion, external carotid and the cervical postganglionic sym-
pathetic branch,which project to the salivary glandswere carefully iden-
tiﬁed and carefully dissected by using a surgical stereomicroscope. A thin
bipolar platinumelectrodewas placed around a branchof postganglionic
ﬁbres at C1 spinal level for subsequent nerve activity monitoring (see
Fig. 1). In a previous study of our laboratory [15] we performed a
multiﬁbres recording of the sympathetic nerve activity to salivary
gland in normotensive and hypertensive rats (SHR). We could certify
that the biopotentials recorded from the postganglionic nerve were in-
deed projecting to salivary gland, since the same postganglionic nerve
branch was stimulated (50 Hz, 5 V, in bursts of 1 s every 10s), instead
of recorded, and the salivary glands were removed for protein analysis.
At one handwe found an increase in the PKA activity and SGLT1 expres-
sion at the salivary gland level ipsilateral to the electric stimulated sym-
pathetic nerve branch. On the other hand, in the contralateral non-
stimulated postganglionic sympathetic branch (control) thePKA activity
and SGLT1 expressionwere not affected at the salivary glands level. Take
together, these results clearly show that the postganglionic nerve
branch been stimulated and recordedwas indeed inervating the salivary
glands.2.4. Surgical procedures for sinoaortic denervation (SAD)
In a separate group of rats bilateral sinoaortic denervation (SAD)
was performed 3 days before the onset of experiments for sympathetic
nerve recordings. The surgical procedure for SAD carried out in this
study was previously described by Ceroni et al. 2009 [16], where
the entire cervical sympathetic trunk is preserved allowing us to record
the postganglionic sympatheticﬁbres that innervates the salivary gland.
This technique is a little different when compared to the SAD developed
by Krieger, 1964 [17], where the sympathetic trunk was entirely
removed.
Brieﬂy, rats were anaesthetised with a mixture of ketamine
(80 mg kg−1, i.p.; Fort Dodge, IA, USA), and xylazine (12 mg kg−1,
i.p.; Fort Worth, TX, USA). After exposure of the neurovascular trunk
in the neck, the common carotid arteries, vagus and sympathetic
nerves were gentle dissected to allow the identiﬁcation of aortic de-
pressor ﬁbres (either travelling as a separate branch or together with
the sympathetic nerves), whichwere isolated and cut, preserving the en-
tire cervical sympathetic trunk. A third contingent of aortic baroreceptor
ﬁbres travelling with the inferior laryngeal nerve was interrupted by
resection of the superior laryngeal nerve (Fig. 1). The carotid bifurcation
was exposed for isolation and resection of the sinus and carotid body
nerves. The skin was sutured with cotton thread. Rats were treated
with ketoprofen (Biofen 1%, Biofarm, Jaboticabal, Brazil, 2 mg kg−1
and penicillin (Pentabiotico Veterinario, Fontoura Wyeth, Brazil,
24,000 i.u. kg−1) given subcutaneously and allowed to recover for
3 days.
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Fig. 1. Schematic diagram showing the anatomy of the sympathetic nerve supply to salivary glands and baroreceptors afferents. Post-ganglionic sympathetic nerve ﬁbres arising
from the superior cervical ganglion (SCG) and projecting to salivary glands along with the external carotid artery where the bipolar platinum electrode was placed for monitoring
the sympathetic nerve activity. Aortic depressor, superior laryngeal and vagus nerves are depicted side by side. Thescissors represent how the sinoaortic baroreceptor denervation
was performed bilaterally. Note that sinoaortic denervation does not compromise the postganglionic ﬁbres projecting to salivary gland territory where the sympathetic activity was
monitored.
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Resting values of the SNASG, arterial blood pressure and heart rate
were recorded simultaneously for 30 min. The raw SNASG signal was
ampliﬁed (10 K of gain; AN502 Differential Ampliﬁer, Tektronix,
Beaverton, OR, USA) and ﬁltered (band pass ﬁlter 0.1–3.0 KHz). Further
processing was performed using a data acquisition system assembled
on a microcomputer equipped with an analog-to-digital converter
(CODAS, 10 KHz sampling rate, Dataq Instruments). Datawere analysed
on a computer running Spike 2 software (Cambridge Electronic Design,
Cambridge, UK) with custom-written scripts for off-line analyses. Basal
SNASG valueswere rectiﬁed and displayed as amoving average (100-ms
time constant). For SNASG frequency (Hz) analysis, we performed spike
counting (we determined the upper margin of the nerve activity after
ganglionic blockade (threshold value) by means of a cursor. Action po-
tentials exceeding the threshold were counted and averaged every 30 sin each animal. To determine the amplitude (μV) of the SNASG the area
under the curve per second was evaluated 30 s (basal) before and 30 s
after the drug administration (PHE or SNP). In order to correlate the
changes in the SNASG induced by arterial pressure rise, we evaluated
the peak and the valley of MAP elicited by administration of the PHE
or SNP, respectively, for 30 s before (basal) and 30 s after each drug in-
fusion. To standardize the data across animals, SNASG changes were
expressed as a percentage (%) of amplitude (μV) and frequency (Hz)
from basal value averaged over 30 s before each drug administration,
after background noise, determined by intravenous injection of hexa-
methonium, was removed (for details see Sabino-Silva et al. 2010 [15]).
2.6. Experimental protocol design
Postganglionic sympathetic nerve activity and hemodynamic
measurements were monitored simultaneously in all experiments in
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lateral sinoaortic denervated (WKY-SAD). Baroreceptor reﬂex was test-
ed by pharmacological manipulation of the arterial pressure with acute
infusions either of PHE (10 μg kg−1, i.v) or SNP (30 μg kg−1, i.v) using
an infusion pump (Ati-Orion SageModel 361, Boston, MA, USA). PHE or
SNP was infused with a 1-mL syringe connected to the venous catheter
and mounted on an infusion pump at a ﬂow rate of 0.1 ml min−1,
which was switched on-off for a short period of time (5–10s), eliciting
arterial pressure changes in the range of around 40–50 mmHg. At
least 10–15 min were allowed between pressor (PHE) and depressor
(SNP) tests for blood pressure to return to baseline levels. At the end
of the experiment each animal received an intravenous bolus injection
of hexamethonium (30 mg kg−1, i.v) and the remaining sympathetic
nerve activity (background noise) was subtracted from SNASG signal
during data analysis. Animals were euthanized at the end of the exper-
iment with an overdose of sodium pentobarbital (150 mg kg−1, i.v).
2.7. Statistical analysis
All data passed the test for normality and are presented as mean±
SEM. Changes in mean arterial pressure (MAP) and in the amplitude
or spike frequency of the sympathetic nerve activity to the salivary
glands (SNASG) were compared before and after baroreceptor loading
and/or unloading in the same animal from each of the respective
groups and analysed by a paired student's t-test (GraphPad Prism
version 4.0 for Windows, GraphPad Software, San Diego, CA, USA).
Linear regression was performed in both groups (WKY-intact andFig. 2. Intravenous injections of phenylephrine increases sympathetic nerve activity to saliv
SNASG after intravenous injection of the phenylephrine (i.v) in Wistar-Kyoto rats (WKY). P
sympathetic nerve signal (SNASG), heart rate (HR) and pulsatile arterial pressure (PP) obtain
control) intravenous injection (arrows).WKY-SAD) by correlating percentage change in the SNASG spike
frequency (Hz) against changes in the MAP (mmHg). Differences
were considered signiﬁcant at pb0.05, and “n” is the number of animals
used in each group.3. Results
3.1. SNASG increases in parallel with increases in arterial pressure
Fig. 2 depicts traces of SNASG (histogram, integrated and raw signal),
heart rate (HR) andpulsatile arterial pressure (PP) fromone animal rep-
resentative of theWKY-intact group that received intravenous infusion of
phenylephrine (PHE) or saline (vehicle volume control). Notably, the
increase in the arterial pressure is associated with simultaneous in-
crease in the SNASG and bradycardic response (typical for baroreceptor
reﬂex activation). Saline injection failed to produce any change in the
arterial pressure and SNASG.
Fig. 3 summarizes the data and shows a signiﬁcant PHE-induced
increase in the MAP (156±8 mmHg) when compared to the baseline
values (78±9 mmHg, pb0.01, n=5, panel A). In parallel, an increase
in SNASG amplitude (63%) and spike frequency (81%, pb0.01, n=5;
panels B and C, respectively) was observed. Fig. 3, panel D, also shows a
signiﬁcant fall in the MAP in NPS-infused rats (55±2 mmHg) when
compared to the baseline (85±1 mmHg, n=5, pb0.01). A signiﬁcant
decrease in SNASG amplitude (11%, pb0.05) and spike frequency (17%,
pb0.01) was concurrently observed (Fig. 3, panels E and F).ary glands (SNASG) of the WKY-intact rats. Typical neurograms of the post-ganglionic
anels from top to bottom are; histogram of events s−1, integrated (∫ SNASG) and raw
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Fig. 3. Sympathetic nerve activity to salivary glands (SNASG) is modulated by arterial baroreceptors loading (phenylephrine, i.v) and unloading (sodium nitroprusside, i.v) in
WKY-intact rats. A. Increasing in the mean arterial pressure (MAP) and percentage increase in the amplitude (B) and spike frequency (C) of SNASG before (Basal, 100%) and
after intravenous injection of phenylephrine (PHE). Lowering MAP (D) and percentage decrease in the amplitude (E) and spike frequency (F) of SNASG before (Basal, 100%) and
after intravenous injection of sodium nitroprusside (SNP). * pb0.05; **pb0.01 different from the basal, n=5.
394 R. Sabino-Silva et al. / Physiology & Behavior 107 (2012) 390–396We also plotted the correlation between percentages of change in the
SNASG over the entire range of MAP increases induced by intravenous
PHE infusion (Fig. 4). WKY-intact group showed a positive correlation
of the SNASG increasing linearly with MAP increments (Yintact=ax+b;
slope: 0.752±0.04 Hz/mmHg). However, no change SNASG was
observed during MAP increases in the WKY-SAD group (YSAD=ax+b;
slope: 0.007±0.01 Hz/mmHg).
3.2. SNASG does not change with increases in arterial pressure in sinoaortic
denervated rats
Fig. 5A shows typical traces of the SNASG (histogram, integrated
and raw signal), heart rate (HR) and pulsatile arterial pressure (PP)
of one rat representative of the WKY-SAD group. In contrast to
WKY-intact group, SNASG was not affected by PHE infusion in the
WKY-SAD group. Of note, the PHE-induced increasing in the blood50 100 150 200
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Fig. 4. Correlation between SNASG and blood pressure increases in intact and baro-
denervated WKY rats. Linear regression performed in WKY-intact and WKY-SAD groups
by correlating percentage of normalized changes of the SNASG frequency (Hz) against in-
creasing in the MAP (mmHg, n=5).pressure was not accompanied by a reﬂex bradycardia, which conﬁrms
complete baroreceptor denervation. Quantitative data (Fig. 5, panel B)
conﬁrmed PHE-induced MAP increase (from 63±2 to 119±4 mmHg;
n=5, pb0.001), but no signiﬁcant changes in either the amplitude
or spike frequency of the SNASG (panels C and D) respectively were
observed. There is no difference of the basal spike frequency of the
SNASG of the WKY-intact when compared to WKY-SAD (data no
shown).
4. Discussion
In the present study, we report in anaesthetised rats the ﬁrst direct
evidence that increased sympathetic nerve activity to salivary glands
(SNASG) during blood pressure increases is mediated by baroreceptor
afferents, revealing a potentially important role of baroreceptors in
the control of sympathetic outﬂow to salivary glands.
The arterial baroreﬂex has been extensively investigated since its ﬁrst
description [18]. It is well known that sympathetic outﬂow to different
organs and vascular beds are negatively modulated by baroreceptor
activation, that is, pressure increases accompanied by a reduction
in SNA. Cassaglia et al. 2008 [14] provided the ﬁrst experimental
evidence of increased activity of cerebral sympathetic nerve from supe-
rior cervical ganglion during blood pressure rises in lambs, suggesting
that sympathetic nerves to the cerebral circulation may act to protect
the brain during transient pressure increase, instead of contributing to
reﬂex restoration of the arterial pressure. In a previous study, by
monitoring the sympathetic outﬂow projecting to the salivary glands
in diabetic hypertensive and normotensive rats, we were able to
show that the basal SNASG was increased by hypertension and reduced
by diabetes [15], which corroborate the ﬁndings of Anderson et al. 1995
[19], where the authors reported a dose–response increase in salivary
protein content during graded stimulation of SNASG.
The present set of data conﬁrmed that SNASG is positively modulated
by baroreceptor activation, leading to sympathoexcitation. In a group of
sinoaortic-denervated animals increases in the arterial pressure failed to
produce changes in the SNASG suggesting an essential role of barorecep-
tors in the control of sympathetic outﬂow to the salivary glands. Impor-
tantly, we are certain that the postganglionic sympathetic nerve being
monitored in the present study innervates the salivary glands, since
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ic nerve branch increases PKA activity and SGLT1 expression in the sali-
vary gland ipsilateral to the sympathetic nerve branch stimulated.
We have also previously shown that sympathetic innervation of the
salivary glands is important in terms of normal function [15]. More pre-
cisely, we showed that propranolol (a non-selective β-adrenoceptor
blocker) attenuated the effects of sympathetic nerve stimulation on
SGLT1 expression compared with glands of rats not injected with pro-
pranolol. It iswell established in the literature that the staining intensity
surrounding the cell, which represents the SGLT1 translocation into
the plasma membrane, clearly correlated with the sympathetic nerve
activity.It has also been argued that alpha-adrenoreceptors, present on
pre-ganglionic sympathetic neurones [20,21], can alsomediate increased
SNASG during phenylephrine-induced hypertension. However, in
sinoaortic denervated rats, administration of a vasoconstrictor, to in-
crease MAP, failed to elicit sympathoexcitation, excluding the possibili-
ty of a direct effect of phenylephrine on neurones and conﬁrming that
the increase in the SNASG is dependent upon baroreceptor activation.
Studies conducted by Bartsch et al., 1996 [3] using single-unit
recordings of sympathetic postganglionic axons projecting to the
submandibular gland in anaesthetized and vagotomized rats, showed
a differential regulation during distinct reﬂex response patterns of
these ﬁbres, since they were excited by noxious and cold stimuli and
396 R. Sabino-Silva et al. / Physiology & Behavior 107 (2012) 390–396inhibited by baroreceptor stimulation. From this the authors concluded
that spontaneously active sympathetic neurones supplying the subman-
dibular gland behave like vasoconstrictors. These results are opposed to
ours, although the reasons for this discrepancy were not apparent, it
should be noted thatwe used amultiﬁbre preparation to record the post-
ganglionic sympathetic activity to submandibular, sublingual or parotid
glands in non-vagotomised animals.
Another important difference between our data and those reported
by Bartsch et al., 1996 [3], is the type of anaesthetic used. Bartsch and
colleagues 1996 [3] performed part of their studies in animals
anaesthetised with pentobarbital sodium and they concluded that
other postganglionic sympathetic neurones (apart from those with va-
soconstrictor function) are likely to belong to the group of silent
neurones. It has been established that secretomotor neurones are con-
trolled by central mechanisms which are clearly distinct from those
controlling vasoconstrictor neurones [22,23,2]. Therefore, secretomotor
neurones would probably exhibit reﬂex patterns distinct from those in
vasoconstrictor neurones. However, anaesthesia may prevent sympa-
thetic secretomotor neurones from being active, and, in our study, as
the animals were anaesthetised with urethane we suggest that both
vasoconstrictors and secremotors neurones would be active, which
could produce a different pattern of discharge in the postganglionic
nerve during baroreceptor activation.
Taken together, our data show, in anaesthetised rats, that SNASG in-
creases and decreases in parallel with pharmacological-induced pressor
and depressor responses, respectively, in a baroreceptor-dependent
manner. Considering the key role of SNASG in controlling salivary secre-
tion, baroreceptor signalingmight play an underappreciated role in reg-
ulating salivary gland function.
4.1. Perspectives and physiological signiﬁcance
The observation that sympathetic nerve activity to the salivary glands
increases in parallel with blood pressure rises would indicate an impor-
tant baroreceptor-mediated behavioral response which might be impor-
tant for adaptive behaviours to various physiological, such as physical
exercises and sexual activity, and psychological challenges such as ﬁght
or ﬂight.
The integration in the CNS that promotes neuronal modulation on
the sympathetic post-ganglionic ﬁbers to salivary glands is still un-
known. We supposed that the neural mechanism by which the barore-
ceptor activation leads to increase in the sympathetic outﬂow to the
salivary gland territory would involve a direct excitation transmitted
to the rostral ventrolateralmedulla presympathetic neurons via speciﬁc
excitatory glutamatergic synapses from nucleus of the solitary tract.
However, this issue still awaits further investigation.
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